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[57] ABSTRACT

The effects of polarization dependent hole burning and-
/or polarization dependent loss are reduced by modu-
Jating the state of polarization (SOP) of an arbitrarily
polarized optical signal being launched into the trans-
mission path periodically through a predetermined se-
quence of polarization states. The sequence of polariza-
tion states is selected such that on average the launched
modulated signal excites substantially all possible polar-
ization states with substantially equal probability, inde-
pendent of the input SOP to the polarization modulator.
In one exemplary embodiment, the SOP 1s modulated
by a combination cascade of a rotating half-wave plate
followed by a quarter-wave plate, which rotates at a
different angular speed. In another exemplary embodi-
ment, the SOP is modulated by a combination cascade
of two variable phase retarders oriented at fixed angles
of 0° and 45°, where the modulation frequencies of the
two retarders are substantially different from each
other.

34 Claims, 2 Drawing Sheets
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APPARATUS AND METHOD EMPLOYING
POLARIZATION MODULATION TO REDUCE
EFFECTS OF POLARIZATION HOLE BURNING
AND/OR POLARIZATION DEPENDENT LOSS

CROSS-REFERENCE TO RELATED
APPLICATIONS

U.S. patent applications Ser. No. 08/079,432 and Ser.
No. 08/079,437 were filed on Jun. 18, 1993.

TECHNICAL FIELD

This invention relates to the optical transmission of

information and, more particularly, to improving trans-
mission capabilities over long-distance optical transmis-
sion paths employing repeaters.

BACKGROUND OF THE INVENTION

Very long optical fiber transmission paths, such as
those employed in undersea or trans-continental terres-
trial lightwave transmission systems including opticai-
amplifier repeaters, are subject to decreased perfor-
mance caused by a host of possible impairments. The
impairments typically increase as a function of the
length of the optical transmission. In long optical trans-
mission paths that include optical amplifiers, the impatr-
ments tend to vary with time and cause a random tluctu-
ation in the signal-to-noise ratio (SNR) of the optical
transmission path. The random fluctuation in SNR con-
tributes to a phenomenon known as signal fading. The
SNR fluctuations also result in an increased average bit
error ratio (BER) in digital signals being transmitted
over the optical transmission path. When the SNR of a
digital signal being transported on such an optical trans-
mission path becomes unacceptably small relative to the
average SNR (resulting in an undesirably high BER), a
signal-to-noise fade is said to have occurred. Experi-
mental evidence has shown that the signal fading and
SNR fluctuations are caused by a number of polariza-
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tion dependent effects induced by the optical fiber itself 40

and/or other optical components within the transmis-
sion path. In particular, one of these effects has now
been identified as polarization dependent hole burning
(PDHB), which is related to the population inversion
dynamics of the optical amplifiers. A discussion of hole-
burning can be found in an article by D. W. Douglas, R.
A. Haas, W. F. Krupke and M. J. Weber, entitled
“Spectral and Polarization Hole Burning in Neodym-
ium Glass Lasers”; IEEE Journal of Quantum Electron-
ics, Vol. QE-19, No. 11, November 1983.

PDHB reduces gain of the optical amplifiers within
the long optical transmission path for any signal having
a state of polarization (“SOP”) parallel to that of a
polarized primary optical signal carried by the transmis-
sion path. However, the gain provided by these amplifi-
ers for optical signals which have an SOP orthogonal to
that of the primary signal remains relatively unaffected.
The polarized primary signal reduces the level of popu-
lation inversion anisotropically within the amplifier.
This in turn, produces an isotropic saturation of the
amplifier, which results in a lower gain for optical sig-
nals in that SOP. This effectively causes the amplifier to
preferentially enhance noise having an SOP orthogonal
to that of the primary signal. This enhanced noise low-
ers the SNR of the transmitted information and causes
an increased BER.

A prior method for reducing signal fading employs a
two-wavelength light source {o transmit information in
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two orthogonal states of polarization over an optical
fiber transmission path. Since this guasi-non-polarized
light source shares its optical power equally on any two
orthogonal SOPs within the fiber, deleterious polariza-
tion-dependent effects may be reduced as long as the
two wavelengths remain orthogonally polarized along
the optical transmission path. Other methods employ
polarization modulators between the optical signal
source and the optical transmission path to periodically
modulate the polarization state of the primary optical
information signal through a predetermined sequence of
polarization states such that, when averaged over the
saturation time of the amplifier, all possible polarization
states are excited with equal probability. These methods
generally employ single-stage polarization transformers
that modulate the output SOP such that it traces period-
ically an arbitrary but fixed great circle on the Poincaré
sphere. These modulators, however, require that the
optical signal launched into the polarization modulator
be in a stable and well-defined polarization state.

SUMMARY OF THE INVENTION

The problems relating to polarization dependent hole
burning and/or polarization dependent loss are over-
come, in accordance with the principles of the inven-
tion, by modulating the state of polarization (SOP) of an
optical signal being launched into the transmission path
pertodically through a predetermined sequence of po-
larization states. These time-varying polarization states
are generated by a combination of at least two polariza-
tion modulators, which are operated at substantially
different modulation frequencies. For any given arbi-
trary input SOP to the modulators, the corresponding
sequence of polarization states is selected such that
averaged over the longest modulation period, substan-
tially all possible output polarization states are excited
with substantially equal probability. This condition is
fulfilled if, averaged over a full modulation sequence,
the three Stokes parameters of the modulated polariza-
tion output states sy, s2, and s3 are zero (0). Preferably,
the longest modulation period is substantially shorter
than the anisotropic saturation time of the optical ampli-
fier, which is typically of the order of 1 msec. The
polarization modulation is realized by employing two
cascaded polarization modulators, each of which pro-
duces a substantially different sequence of polarization
states for the same input polarization state than the
other. The modulation sequences of the two polariza-
tion modulators are selected such that the time-
averaged Stokes parameters s, $2, and s3 of the modu-
lated output polarization of the entire modulator cas-
cade vanish for any arbitrary input polarization state to
the modulators. Hence, the input SOP to the modulator
can be arbitrary and can even slowly vary with time.

In one exemplary embodiment of the invention, the
modulator comprises two cascaded rotating wave
plates: a half-wave plate, spinning at a first constant
angular velocity, followed by a quarter-wave plate
spinning at a second angular velocity different from the
first.

In another exemplary embodiment, the modulator
comprises a cascade of two adjustable phase retarders
oriented at a fixed relative angle of 45°, and both of
which modulate the input optical signal to produce a
periodic phase shift between — 7 and +7r.

Additionally, for applications in which it 1s desirable
to reduce effects of polarization dependent loss, the
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SOP modulation frequencies are selected to be a multi-
ple of the information signal clock.

BRIEF DESCRIPTION OF THE DRAWING

In the drawing:

FIG. 1 is a simplified block diagram of an arrange-
ment including a polarization modulator which facili-
tates the practice of the invention;

FIG. 2 shows a view of the waveguide and electrode
structure of one arrangement which may be employed
for the polarization modulator of FIG. 1; and

FIG. 3 shows a view of still another waveguide and
electrode structure which can be utilized for the polar-
ization modulator of FIG. 1.

DETAILED DESCRIPTION

FIG. 1 shows a simplified block diagram of an exem-
plary arrangement facilitating the practice of the inven-
tion. As shown, the invention includes optical signal
source 100 which produces an optical information sig-
nal 102, polarization modulator 101 which modulates
the SOP of optical information signal 102 to produce
modulated optical information signal 103, and optical
transmission system 104, into which the modulated
optical information signal 103 is launched. Optical in-
formation signal 102 is produced, in well known fash-
ion, by a laser transmitter (not shown) in optical signal
source 100.

FIG. 2 shows one embodiment of polarization modu-
lator 101 which may be advantageously used in practic-

ing the invention. An integrated optic realization of

polarization modulator 101 is fabricated on low-bire-
fringence X-cut, Z-propagating LLINbO3 substrate 201
and operates with a standard titanium-indiffused, single
mode waveguide 202. It includes two electrode sections
comprised of electrodes 203’ and 203", and 204’ and
204", respectively, disposed on substrate 201 on both
sides of waveguide 202 and one common ground elec-
trode 204"’ on top of waveguide 202.

The first section of modulator 101, including elec-
trodes 203’ and 203", operates to retard the linear polar-
ization component of the incoming optical signal 102
parallel to the X axis (TM mode) relative to the polar-
ization component of the incoming optical signal paral-
lel to the Y axis (TE mode). The TE-TM mode phase
shift is induced wvia the 122 and 112
(r22=—r12=3.4-10-12 m/V) electro-optic coefficients
by applying balanced drive voltage components V(t)
and —V(t) to electrodes 203’ and 203", respectively,
thereby inducing an electric field Ey in waveguide 202.
The total induced phase shift ®(t) between the X and Y

polarized components 18

Vi() (1)

) 3
G L ng

2
&) = I'(ri2 — n2) —%" -

where t is time, A is the free-space wavelength, G 1s the

gap between electrodes 203’ and 203’, L is the length of
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electrodes 203° and 203, ng is the ordinary index of 60

refraction and I" is a normalized overlap parameter
between the optical and electrical fields (0=I"=1).
The second electrode section of modulator 101, 1n-
cluding electrodes 204’ and 204", operates to retard the
linear polarization component having an angle of 45°
with respect to the X and Y axes relative to the linear
~polarization component having an angle of —45° with
respect to the X and Y axes (TE-TM mode conversion).

65

4

TE-TM mode conversion is accomplished via the
r61(r61= —r22) electro-optic coefficient by applying
common drive voltages V(1) and V'a(t)=Va(t) to the
side electrodes 204’ and 204", thereby inducing an elec-
tric field E, in the waveguide 202. The phase retarda-
tion 7(t) for mode conversion induced in an electrode
section of length L is

V2(2) (2)

Gf'

2
N = I re f -

. Lng?

where t is time, A is the free-space wavelength, G’ is the
gap between the ground electrode 204’ and the side
electrodes 204’ and 204"/, L is the length of electrodes
204', 204'' and 204'", ng is the ordinary index of refrac-
tion and I is the spatial overlap of the applied electric
field E, with the optic fields (O=I"=1).

The polarization transformation of modulator 101
shown in FIG. 2 can be described by a 3 X3 Mueller
matrix M, which relates the Stokes parameters si, s,
and s3 of the arbitrary polarization state of optical infor-
mation signal 102 to the Stokes parameters of the modu-
lated information signal 103. The transformation of the
first electrode section 203 is described by the matrix

|

and that of the second section by the matrix

cos2n(f) gsm2n(d)
0 1 0 ]

(3)

1 0 0
M; = | 0 cos2é(?) —sin2¢(?)
0—sin2d(?) cos2ad(s)

(4)

M,
—sin2n(?) Ocos27(z)

Hence, the overall transformation of polarization modu-
lator 101 is given by

(5
cos2n(f) —sin2¢p(D)sin27(7) cos2d(#)sin27(2)

M= M- M = 0 cos2d(?) —sin2é(?)
—sin27(#) —sin2¢(Hcos2n(?) cos2d()cos2n(?)

For an arbitrarily polarized information signal 102,
the time averaged values of the Stokes parameter sj, s2,
and s3 of the modulated optical information signal 103
vanish if the time averaged values of all nine elements of
the matrix M are equal to zero. This is the case when the
two electrode sections are driven by voltages

Vi(t)=Voo-TA211), (6)

V2(0=Vo- T )+ V1, (7)

Vat)y=VoT(Q20)— VT, (8)
where Vg is the voltage that induces complete TE-TM
mode conversation (=), Voo is the voltage that in-
duces a TE-TM phase shift of w(¢b=m), and Vris the
voltage that reduces the residual, static birefringence in
waveguide 202 substantially to zero (0). The symmetric
sawtooth function T is given, for example, by

T =(— 1Y"2Qt /7 —n) for 2n—1=2Qt/m=2n+1, (9)
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where Q1 and Q) are the two modulation frequencies
(Q1£02), t is the time, and n is an arbitrary integer.
Preferably, the two modulation frequencies are chosen
such that Q1=2Q»> or Q;=2£); and {};, 1=1, 2, substan-
tially larger than 27/t;, where ts is the anisotropical
saturation time of the optical amplifier (typically 1 ms).
Then all nine elements of the matrix M vamish it aver-
aged over a full period of the lower of the two modula-
tion frequencies. To reduce the effects of polarization
dependent loss in the optical transmission system 104
(FIG. 1 ), the modulation frequencies {21 and ()3 are
chosen to be integer multiples of the clock frequency of
optical information signal 102.

If desired, sinusoidal drive voltages could be em-
ployed to provide the modulation, namely,

Vi(H)=0.7655Vsin(Q17), (10)

Va(t) =0.7655¥p sin(Q0) + V13 (11)

V5(2)=0.7655¥p sin(220) — V7 (12)

FIG. 3 shows another embodiment of polarization
modulator 101 which also may be employed in practic-
ing the invention. Again, an integrated optic realization
of polarization modulator 101 is fabricated on low-bire-
fringence X-cut, Z-propagating LiNbO3 substrate 201
and operates with a standard titanium-indiffused, single
mode waveguide 202. It includes two electrode sections
comprised of electrodes 203’ and 203", and 204" and
204", respectively, disposed on both sides of waveguide
202, and one common ground electrode 205 on the top
of waveguide 202. In this embodiment of modulator
101, the first electrode section (203’ and 203'") operates
in a similar fashion to an endlessly rotating half-wave
plate, i.e., it generates a constant phase retardation of
at a variable angular orientation. This is achieved by
inducing a variable combination of TE-TM phase shift-
ing and TE-TM mode conversion. The second elec-
trode section (204’ and 204'’) operates in similar fashion
to an endlessly rotating quarter-wave plate, generating
a constant phase retardation 77/2 at a variable angular
orientation. TE-TM mode conversion and TE-TM
phase shifting are induced in a similar way as in the
embodiment of modulator 101 shown in FIG. 2 by ap-
plying drive voltages Vi(t) and V(1) to side electrodes
203', 203", 204" and 204".

The drive voltage Vi(t) and V'3(t) applied to elec-
trodes 203’ and 203", respectively, are

V()= Vo sin(QQ1))+ Vo cos(L1)+V T (13)

V'1(ty=¥p sin(215)— V7 cos(1)— V1, (14)
where Vg is again the voltage that induces complete
TE-TM mode conversion (n=1), V is the voltage that
induces a TE-TM phase shift of w(d=m), and Vris the
voltage that reduces the residual, static birefringence in
waveguide 202 substantially to zero (0).

When driven by these drive voltages V1(t) and V'1(t),
the first section (203’ and 203"") of polarization modula-
tor 101 acts like a rotating half-wave plate spinning at a
constant angular velocity of ).

The drive voltages applied to electrodes 204’ and
204", respectively, are

Va(t)=(¥Vo/2) sin(Q2t) +(Vy/2) cos({220)+ V', (15)

V() =(Vo/2) sin(Qat)— (Vg /2) cos(Qat)— VT3 (16)
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where Vo, Vyand V rare as above in equations (13) and
(14).

When driven with these voltages V(1) and V'2(t), the
second section of modulator 101 acts like a rotating
quarter-wave plate spinning at a constant angular veloc-
ity (2.

The polarization transformation produced by the
spinning half-wave plate is described by the Mueller

matrix

and that produced by the spinning quarter-wave plate is
given by

(17)

sin(2€242) —cos(2Q15) 0

cos(2Q18) sin(2Q1) ¢
My =
—1

0 0

(19)

1 + cos(228) sin(2Q2 1)  2sin(ad)
Ms = -é- Sin(2Qa¢) 1 — cos(202%) —2cos(Qy7)
—2sin{{2>1) 2cos(Q210) 0

The overall transformation of polarization modulator
101 1s then given by

M=Ms M3 = (19)

cos(2€11?) + cos(2AQY) sin(2A€dr) — sin(2Q17)  2sin(§2y1)
} | sin(RAQD) + sin(2Q1f) —cos(2Q12) + cos(2AL1) 2cos(Q20)
2sin(2Q 12 — Q71 —2cos(221t — Qy1) 0

¥

where AQ=(— Q).

Again, the time-averaged elements of M vanish if
Q15£Q, i.e., if the half-wave and quarter-wave plates
spin at different angular speeds. Preferably, the two
modulation frequencies are chosen such that
01=1.5Q,5, with () substantially larger than 2w/t
where the half-wave plate spins at 1.5 times the speed of
the quarter-wave plate. Another preferred operation of
modulator 101 is when 1= —Q,, where the two wave
plates spin in opposite directions, but at the same angu-
lar speed. It is also possible to set {21 =2} if desired.

In all three cases the time-averaged Stokes parame-
ters sy, 82, and s3 of the output polarization of modulator
101 vanish for any arbitrary input polarization state if
averaged over a full period of the lower of the two
modulation frequencies. Again, to reduce the effects of
polarization-dependent loss, the modulation frequencies
Q1 and ) are selected to be integer multiples of the
clock frequency of optical information signal 102.

The above-described arrangements are, of course,
merely illustrative of the application of the principles of
the invention. Other arrangements may be devised by
those skilled in the art without departing from the spirit
or scope of the invention. Specifically, it 1s possible to
replace either one of the two sections of modulator 101
of FIG. 2 by an element that produces variable circular
birefringence, such as a Faraday rotator, to produce a
suitable modulation sequence in the polarization state of
signal 103. Likewise, it is feasible to replace the rotating
half-wave and quarter-wave plate sections of modulator
101 in FIG. 3 by generalized wave plate sections, pro-
ducing wvariable elliptical birefringence of constant
phase retardation 7 and /2, respectively. It should
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further be understood that the sequence of the two
cascaded sections of modulator 101 may be reversed in
the embodiments of FIGS. 2 and 3 without affecting the
operation of modulator 101. It is also possible to com-
bine either one of the two sections of modulator 101
shown in FIG. 2 with the half-wave plate section of
modulator 101 shown in FIG. 3.

Additionally, modulator 101 may comprise three (3)
or more cascaded modulator sections operated at sub-
stantially different modulation frequencies such that
each of the sections produces a different modulation
sequence of polarization states than the previous section
in the cascade. For exampie, the two sections of polar-
ization modulator 101 of FIG. 2 may be followed or
preceded by a rotating half-wave plate section similar to
that of FIG. 3, which is rotated at an angular speed of,
for example, 13==3()1 or {3=3(1,.

It should further be understood by those skilled in the
art that although a titanium-indiffused waveguide struc-
ture for a lithium niobate modulator i1s the preferred
design, other waveguide formations are contemplated
and other substrates may be employed including but not
limited to semiconductor materials and lithium tanta-
late, for example. Although not specifically shown, it is
to be understood that the modulated optical signal 103 is
typically launched from the modulator 101 to the opti-
cal transmission system 104 via an amplification stage or
the like.

I claim:

1. Apparatus intended for use in reducing the effects
of polarization dependent hole-burning in an optical
transmission system employing optical fiber amplifiers,
the apparatus comprising:

means for generating an arbitrarily polarized optical

signal;

means for modulating the state of polarization of said

arbitrarily polarized optical signal periodically
through a predetermined sequence of polarization

states such that averaged over a predetermined

modulation period substantially all possible output
polarization states are excited with substantially
equal probability, said means for modulating in-
cluding first means for modulating the state of
polarization of a particularly polarized optical sig-
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nal periodically between first and second states of 45

polarization in at least one pair of orthogonal polar-
ization states such that substantially equal time is
spent in each of the first and second states of polar-
ization and second means for modulating the state
of polarization of a particularly polarized optical
signal periodically between first and second states
of polarization, where said state of polarization of
the optical signal is a symmetric combination of the
input state of polarization of said first means for
modulating and its orthogonal polarization state,
and

means for supplying said polarized optical signal to

sald means for modulating.

2. The apparatus as defined 1n claim 1 where said state
of polarization of said arbitrarily polarized optical sig-
nal is modulated such that the averaged values of the
three Stokes parameters si, $2 and s3 of said sequence of
polarization states are substantially zero (0).

3. The apparatus as defined in claim 1 further includ-
ing means for launching said modulated optical signal as
an output and wherein said first and second means for
modulating include waveguide means having an elec-
trooptically induced birefringence at a desired wave-
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length of operation and means for varying the orienta-
tion of linear birefringence of_the waveguide and for
introducing a predetermined phase retardation between
said first and second orthogonal states of polarzation of
the optical signal wherein the predetermined phase
retardation for said first means for modulating is sub-
stantially equal to 7 radians when at least one of the
states of polarization is substantially parallel to at least
one of the principle axes of the linear birefringence, and
wherein the predetermined phase retardation for said
second means for modulating is substantially equal to
7/2 radians when at least one of the states of polariza-
tion is substantially parallel to at least one of the princi-
ple axes of the linear birefringence.

4. The apparatus as defined in claim 3 wherein said
means for varying the orientation of said first and sec-
ond means for modulating includes means for continu-
ously rotating the orientation of the linear birefringence
of the waveguide at constant but substantially different
speeds.

5. The apparatus as defined in claim 3 wherein the
orientations of the linear birefringence of said first and
second means for modulating rotate substantially at the
same angular speed but in opposite directions.

6. The apparatus as defined in claim 3 wherein the
orientation of the linear birefringence of said first means
for modulating rotates in the same direction as the ori-
entation of the linear birefringence of said second means
for modulating at substantially one and a half times the
speed of rotation of said second means for modulating.

7. The apparatus as defined in claim 3 wherein the
orientation of the linear birefringence of said first means
for modulating rotates in the same direction as the ori-
entation of the linear birefringence of said second means
for modulating at substantially twice the speed of rota-
tion of said second means for modulating.

8. The apparatus as defined in claim 1 wherein said
first and second means for modulating include wave-
guide means having an electrooptically induced bire-
fringence at a desired wavelength of operation and
means for controllably varying a phase retardation be-
tween said first and second orthogonal states of polar-
ization of the optical signal wherein the induced bire-
fringence of the waveguide for said first and second
means for modulating is at predetermined orientations.

9. The apparatus as defined in claim 8 wherein the
induced birefringence of the waveguide for each of said
first and second means for modulating 1s linear.

10. The apparatus as defined in claim 9 wherein the
linear birefringence of said second means for modulat-
ing is substantially oriented at 45° relative to the orienta-
tion of the linear birefringence of said first means for
modulating.

11. The apparatus as defined in claim 8 wherein said
phase retardation of said first and second means for
modulating 1s controlled to vary periodically between
predetermined positive and negative values.

12. The apparatus as defined in claim 11 wherein the
predetermined positive and negative values are 0.76557
and —0.76557, respectively.

13. The apparatus as defined in claim 11 wherein the
predetermined positive and negative values are 7r and
— 17, Tespectively.

14. The apparatus as defined in claim 11 wherein said
means for varying the phase retardation includes means
for varying said phase retardation linearly between said
predetermined positive and negative values.
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15. The apparatus as defined in claim 11 wherein said
means for varying the phase retardation includes means
for varying said phase retardation sinusoidally between
said predetermined positive and negative values.

16. The apparatus as defined in claim 11 wherein the 5
phase retardation of the induced birefringence for said
first and second means for modulating is controlied at
substantially different predetermined frequencies.

17. The apparatus as defined in claim 16 wherein the
ratio of the predetermined frequencies for said first and
second means for modulating is substantially equal to 2.

18. A method intended for use in reducing the effects
of polarization dependent hole-burning in an optical
transmission system employing optical fiber amplifiers,
the method comprising the steps of:

generating an arbitrarily polarized optical signal;

launching said polarized optical signal; and

modulating the state of polarization of said arbitrarily
polarized optical signal periodically through a pre-
determined sequence of polarization states such
that averaged over a predetermined modulation
period substantially all possible output polarization
states are excited with substantially equal probabil-
ity, said step of modulating including a first step of )
modulating the state of polarization of a particu-
larly polarized optical signal periodically between
first and second states of polarization, and a second
step of modulating the state of polarization of a
particularly polarized optical signal periodically
between first and second states of polarization,
where said state of polarization of the optical signal
1S a symmetric combination of an input state of
polarization of said first step of modulating and 1ts
orthogonal polarization state.

19. The method as defined in claim 18 where said
state of polarization of said arbitrarily polarized optical
signal is modulated such that the averaged values of the
three Stokes parameters si, s7 and s3 of said sequence of
polarization states are substantially zero (0).

20. The method as defined in claim 18 further includ-
ing the step of launching said modulated optical signal
as an output and wherein said step of modulating in-
cludes the steps of electrooptically inducing birefrin-
gence at a desired wavelength of operation in a wave- 45
guide, varying the orientation of linear birefringence of
the waveguide and introducing a predetermined phase
retardation between said first and second orthogonal
states of polarization of the optical signal wherein the
predetermined phase retardation for said first step of 50
modulating is substantially equal t0 7 radians when at
least one of the states of polarization is substantially
parallel to at least one of the principle axes of the linear
birefringence, and wherein the predetermined phase
retardation for said second step of modulating is sub-
stantially equal to 7/2 radians when at least one of the
states of polarization is substantially parallel to at least
one of the principle axes of the linear birefringence.

21. The method as defined in claim 20 wherein said
step of varying orientation of said first and second steps
of modulating includes the step of continuously rotating
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the orientation of the linear birefringence of the wave-
guide at constant but substantially different speeds.

22. The method as defined in claim 20 wherein the
orientations of the linear birefringence of said first and
second steps of modulating rotate substantially at the
same angular speed but in opposite directions.

23. The apparatus as defined in claim 20 wherein the
orientation of the linear birefringence of said first step of
modulating rotates in the same direction as the orienta-
tion of the linear birefringence of said second step of
modulating at substantially one and a half times the
speed of rotation of said second step of modulating.

24. The method as defined in claim 20 wherein the
orientation of the linear birefringence of said first step of
modulating rotates in the same direction as the orienta-
tion of the linear birefringence of said second step of .
modulating at substantially twice the speed of rotation
of said second step of modulating.

25. The method as defined in claim 18 wherein said
first and second steps of modulating are effected by a
waveguide having an electrooptically induced birefrin-
gence at a desired wavelength of operation and include
controllably varying a phase retardation between said
first and second orthogonal states of polarization of the
optical signal wherein the induced birefringence of the
waveguide for said first and second steps of modulating
is at predetermined orientations.

26. The method as defined in claim 25 wherein the
induced birefringence of the waveguide for each of said
first and second steps of modulating is linear.

27. The method as defined in claim 26 wherein the
linear birefringence of said second step of modulating 1s
substantially oriented at 45° relative to the orientation
of the linear birefringence of said first step of modulat-
ing.

28. The method as defined in claim 26 wherein said
phase retardation of said first and second steps of modu-
lating 1s controlled to vary periodically between prede-
termined positive and negative values.

29. The method as defined in claim 28 wherein the
predetermined positive and negative values are 0.76557
and —0.76557, respectively.

30. The method as defined in claim 28 wherein the
predetermined positive and negative values are 7 and
— 1T, respectively.

31. The method as defined in claim 28 wherein said
step of varying the phase retardation includes a step of
varying said phase retardation hnearly between said
predetermined positive and negative values.

32. The method as defined in claim 28 wherein said
step of varying the phase retardation includes a step of
varying said phase retardation sinusoidally between said
predetermined positive and negative values.

33. The method as defined in claim 28 wherein the
phase retardation of the induced birefringence for said
first and second steps of modulating is controlled at
substantially different predetermined frequencies.

34. The method as defined in claim 33 wherein the
ratio of the predetermined frequencies for said first and

60 second steps of modulating is substantially equal to 2.
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